ABSTRACT
INTRODUCTION
As consumer sophistication regarding environmental issues has increased, so too has their concern for and awareness of product sustainability. As such, environmental awareness in product design is increasingly critical [1] . In addition to these trends, international regulations for environmental emissions have become more strict [2] . To keep pace with these rapidly changing industrial circumstances, companies should increase focus on product designs that satisfy international regulations and meet consumer's environmental expectations [3] . As discussed in [4] , considering environmental issues early in the design process is essential to address these needs. However, it is most common in current industrial practice to consider environmental issues in the final stages or after the design process. With this common approach, it can be difficult to well design eco-friendly products, as discussed in [5] . Therefore, a design methodology which considers environmental issues in early design stages is essential to design eco-friendly products [5, 6] . Hereafter, we collectively refer to any design process that incorporates ecological or sustainability factors as eco-design (early or late in the process).
Figure 1. APPROACHES TO DESIGN ECO-FRIENDLY PRODUCT
Figure 1 depicts different approaches to eco-design. Two methods commonly used in industry are improving existing products and eco-check lists. Improving existing products is a basic and simple approach applied for products which have a relatively long life cycle; it is commonly used for cars. This approach is applied after manufacturing or during the initial use of the product [3] . Because the method is used after the product has been designed, it has a relatively smaller effect than other approaches. The second common approach is the check list approach. After product design, a check list is consulted to determine whether the design satisfies certain conditions. The check list approach can be more effective than improving an existing product, but, it still considers environmental issues after the design stage, as discussed in [5] . In contrast to those two approaches, a design methodology incorporating ecological issues throughout the design processes can be more effective.
Much research has been conducted on eco-design. The research can be grouped into three categories: Quality Function Deployment (QFD) based, Axiomatic design based and new methodologies. We briefly highlight work in each category, starting with QFD based approaches. In [7] , an eco-design methodology for service using QFD was proposed. In [5], a QFD methodology combined with TRIZ principles for environmentally conscious product design was developed. Research applying QFD to environmentally conscious design was conducted in [8] . In [9, 10], Green QFD was introduced as an eco-design methodology. Green QFD considers the product life cycle by integrating LCA and LCC into QFD matrices as customer needs. The authors of [11, 12] suggested the QFDE methodology which includes environmental needs in the customer needs. The authors in [12] suggest a combination of QFDE and LCA for environmentally conscious design.
There are few studies that have used Axiomatic design theory to design eco-friendly products. One of these few was [13] ; there an eco-friendly tidal dam was suggested based on decoupling the functional requirements.
A new eco-design methodology was developed in [14] . There, a design methodology for improved assembly and disassembly considering recycling was suggested. Their research focus was to design less complex products or parts using a (dis)assembly complexity equation. The authors of [4, 15] developed eco-design methodologies based on environmental benchmarking. By using environmental benchmarking, key environmental aspects of a product can be defined. Such approaches can be successful in including environmental issues in the early design stages.
Even though a number of methods have been developed for eco-design, several issues remain. First, there are no methodologies which explicitly consider couplings between eco-factors and product functions. Eco-factors are often closely related with product functions, resulting in trade-off relationships between eco-factors and product functions. If these couplings are not properly identified and resolved, achieving design targets can be difficult. This problem can be addressed using Axiomatic design. Axiomatic design is focused on identifying couplings between functions [16] and can thus help to eliminate couplings between eco-factors and product functions.
Second, many methodologies use "eco-factors" but few provide structured eco-factors [4] . Eco-factors without a cohesive perspective can be difficult to include in the design process (as stated in [17] ). Therefore, eco-factors are structured into organized functions and solutions in our approach.
Third, there is a lack of a feedback mechanism from ecoanalysis to the design process. There are a number of papers focused on the environmental evaluation of products [18] [19] [20] [21] [22] [23] [24] . However, to our knowledge, there is no methodology which provides a systematic mechanism between eco-analysis and the design process. In this paper, a feedback mechanism from environmental evaluation to the design process will be introduced. It relies on a database of environmental information such as is used for LCA.
The final issue is design efficiency. In practice, eliminating all couplings may not be possible. There are few structured methods to eliminate couplings; they include TRIZ principles (see, [25] [26] [27] [28] ), systematic inventive thinking [29] , design structure matrix [30] and QFD theory [31] . While there is research that used an analytic method to identify the optimal coupling to eliminate [32] , it suffers from complexity. In this methodology, an augmented design matrix inspired by the House of Quality (see, [33] [34] [35] ) is suggested to address design efficiency issues. Using the augmented design matrix, the most critical coupling for redesign to satisfy the customer needs can be identified. Thus, the designer can focus on eliminating critical couplings thereby leading to an efficient and effective design process.
We propose a design methodology called eAD+ to resolve the following issues:
A. Couplings between eco-factors and product design parameters; B. Unstructured eco-factors; C. Lack of a feedback mechanism from the results of ecoanalysis to the design process; D. Identification of the most egregious design coupling from an environmental point of view.
Conceptual design level

System design level
Detail design level
Improve existing product - Table 1 compares eAD+ and other eco-design methodologies. Improving an existing product occurs after the design process and a check-list is applied only at the end of the design process. Passive LCA and environmental indicators provide structured eco-factors, but are used after the design is created. Some research performed LCA at the detailed design level (Proactive LCA), but still it has similar influence as the check list approach. QFD and eco-design methodologies can successfully include eco-factors in the design process, but do not resolve all issues. eAD+ is based primarily on Axiomatic Design so that it addresses couplings between eco-factors and product functions. Furthermore, it provides structured ecofactors for inclusion in the Axiomatic Design framework. The approach provides a direct method to feedback the results of eco-analysis via the design matrix. Also, using an augmented design matrix, we can identify which design parameters have the greatest influence on eco-factors and functional couplings.
The rest of this paper is organized as follows. In Section 2, details of the eAD+ methodology are introduced. Four key features of the eAD+ methodology are discussed in this section. In Section 3, the effectiveness of the eAD+ methodology is verified using a mobile phone example. Concluding remarks are presented in Section 4.
METHODOLOGY
The eAD+ methodology consists of several levels of increasing detail, as shown in Figure 2 . They are the conceptual design, subsequent design and final design stages. Despite key differences we will discuss, each level of the design process has similar structure. We next provide an overview of the eAD+ methodology. Details will be reviewed in the following subsections. Note that eAD+ is intended for software implementation and requires information from databases of environmental or sustainability effects.
In the conceptual design stage, which is the first stage of the eAD+ methodology, customer needs (CNs) are classified into CNs and eco-CNs. Based on these needs, constraints, functional requirements (FRs) and eco-FRs are extracted. eAD+ provides a structured eco-FR list to which designers can refer when creating and selecting their own product FRs and eco-FRs. The designer will next develop a set of design parameters (DPs) that forms the initial concept of the product. An augmented design matrix (DM) relating the DPs to the FRs is then developed and constraints that can be evaluated are checked. Early environmental analysis which can be performed on a concept is conducted to evaluate the environmental effects of the design concept and the result feeds into the design matrix (DM). Using the DM, the designer can identify couplings between the FRs. The augmentation of the DM consists of an extra row calculating those couplings that have the greatest effects on the environment and product functions (this uses an extended concept of the meaning of the "X", "x" and "0" used in Axiomatic Design). Also, rows for each constraint can be incorporated (this is useful for emissions restrictions). The resulting design concept should be improved by eliminating critical couplings. The steps in the conceptual design process may be repeated numerous times until a satisfactory concept is obtained.
After the conceptual design stage is complete, one proceeds to the subsequent level of the design. Following the Axiomatic Design process, the previous FRs and DPs are decomposed into more detailed FRs and DPs. The augmented design matrix is constructed with assistance from environmental analysis (such as LCA). Improved FRs and DPs are developed based on the information in the augmented design matrix. Once the designer is satisfied with the FRs and DPs, the process of decomposition is repeated. The design remains in the subsequent design level phase until the designer ready to completely specify the product.
Figure 2. eAD+ METHODOLOGY FLOW
The final stage of the eAD+ methodology is the detailed design stage. Here, the designer fully specifies the complete design information (these are the last most detailed DPs). To complete the final augmented design matrix, full LCA is performed so the most precise environmental analysis data can be incorporated. Also, detailed regulation inspection is performed (by checking that the constraints are satisfied) to ensure compliance with environmental regulations. Also, if the design fails to pass regulation inspection or achieve a sufficient evaluation for full LCA, the designer should loop back to a previous stage of the design process to attempt to correct the deficiency. 
Axiomatic Design based Methodology
As stated in [16] , Axiomatic design theory is "a systems design methodology using matrix methods to systematically analyze the transformation of Customer needs (CN) into Functional requirements (FR), Design parameters (DP) and Process Variables (PV)". The Axiomatic design process is depicted in Figure 3 (see also [36, 37] for more information about Axiomatic design theory). Eco-factors often exhibit tradeoff relationships with product functions. If these trade-off relationships are not carefully considered, a product cannot satisfy both environmental and functional targets. As Axiomatic design focuses on eliminating couplings between the FRs, the inherent couplings between eco-factors and product functions can be identified and then addressed.
Structured Eco-FR and Eco-DP List
A number of researchers have developed structured ecofactors ([4, 15, 17 and 21]). However, these classifications are not appropriate for inclusion in the Axiomatic Design framework. To develop eco-FRs and eco-DPs for the designer to select from, we gathered hundreds of eco-factors from the literature [4, 15, 17-19, 21-24 and 38] and company websites [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] .
We consider these collected eco-factors as eco-customer needs. Customer needs are unstructured stakeholders desires; they maybe explicit or implicit. There is generally little or no structure to customer needs; they can include goals, methods, constraints, contradictions and feelings. Eco-factors without a cohesive perspective can be difficult to include in the design process. For use in Axiomatic Design, the eco-factors must be structured and organized into suggested eco-FRs, eco-DPs and constraints.
Figure 4. MODEL FOR ECO-FACTORS
To develop the eco-FRs and possible eco-DPs, we first separate the collection of eco-factors into two categories: goals and methods. This is an essential step as FRs are by definition goals and DPs are by definition solutions or methods. For example, the eco-factor "Save energy" is a goal while "high energy efficiency" is a method (note that another method to save energy would be to have a product that requires no power; as opposed to a powered product which is efficient).
To further develop the eco-factors, we consider a model akin to the product life cycle. Figure 4 shows the model for ecofactors. At a high level, there are two goals evident in the model and the eco-factors: preserve material resources (source material and energy providing material) and reduce waste (solid, liquid and gaseous waste). According to Axiom 1 of AD, FRs must be independent. It may at first appear that the goals of preserve material and reduce waste are dependent. However, if one rather considers waste mass per unit mass of product, the amount of material consumed and waste weight per unit mass are nominally independent. An alternate perspective is to consider an ideal situation in which all material used is recyclable. In this case no material becomes waste and independence is preserved. This is the perspective we take.
We must also verify that the product-FRs and eco-FRs are independent. A common product function is to support a given weight (e.g. the chair should support up to 1960N). Such a product function may initially appear coupled with the eco-FR to preserve material. There are three alternative perspectives. First, we can consider the eco-FR to be minimizing mass of material per kg of weight supported. This nominally will make the FRs independent. Second, one could assume the ideal situation in which there is a structure that can support the desired mass with little or no material (e.g. nano supports). Third, we may consider that a sufficiently low level of material use satisfies the eco-FR and it is thus possible to consider that there is no (minimal) relationship between the functions. Similar logic is used to develop the eco-FRs and eco-DPs at more detailed levels of decomposition. There are two ecoFRs at the highest level. FR1 is preserve material and FR2 is minimize contribution to environmental pollution. The structure of the eco-FRs are shown in Figure 5 . We take an LCA approach and decompose the FRs as follows. FR1 is divided into azoic resource and non-azoic resource; each is then divided into energy providing resource and non-energy providing resource. Finally, energy providing resources are consumed in the extraction, logistics, conversion, using, and disposal stages.
FR2 is decomposed into 8 lower level FRs which are global warming, acidification, smog, ozone layer depletion, eutrophication, eco-toxicological pollution, photochemical oxidant and land fill.
Figure 5 STRUCTURE OF ECO-FRS
For each FR, a set of solutions is prepared for use as possible eco-DPs. For example, possible DPs for FR1113 (Preserve energy providing azoic resource in conversion) are conversion process which has low energy intensity, high energy efficiency, use infinite energy source and easy structure for conversion. Figure 6 shows additional examples of eco-DPs. These eco-DPs provide possible design concepts to the designer when they build eco-FRs and eco-DPs.
The eco-FRs, eco-DPs are intended to serve as a reference for the designer and may be selected for use in their design. They should be stored in a database and provided as options for the designer in a software implementation of eAD+. They include many of the existing goals and methods for eco-design. If there are other ecological constraints or functions desired, they can be readily incorporated into the process as can any product function. Also, the eco-FRs have a structure that coincides well with LCA. Therefore, the structured eco-FR enables a feedback mechanism from LCA into the design process.
Figure 6 EXAMPLES OF ECO-DPS
Feedback Mechanism from Environmental Analysis to Design Process
Much research has emphasized the importance of using LCA results in the design process, but there is no methodology which systematically incorporates feedback from LCA. In eAD+, we define eco-FRs that directly address LCA results. Table 2 shows the relationship between selected LCA results and the eco-FRs. The LCA values are integrated into the design matrix. Also, this feedback mechanism can be modified to use different environmental analysis methods such as OECD [17] .
LCA index
Related eco-FR 
Augmented Design Matrix
A design might have several couplings and each coupling has different effects on customer or eco satisfaction. In practice, eliminating all couplings might be impossible due to time or resource limitations. As mentioned before, there are several approaches to identify which coupling is critical to improve a design [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] . These approaches can require significant effort to conduct. Therefore, we suggest a relatively simpler approach: the augmented design matrix.
The augmented design matrix is a modified form of the design matrix inspired by the QFD House of Quality. It is common in Axiomatic Design for the designer to use an X in the design matrix to define couplings. Instead, we use symbols to indicate the order of magnitude and sign of the coupling, to indicate whether the FR and DP are strongly related or not and whether there is a positive or negative coupling. This approach dovetails naturally with LCA results; critical couplings with high for environmental effects can be identified. Figure 7 shows the structure of the augmented design matrix. It has a similar structure to the design matrix, but is has weights for the FRs and DPs. The weight of each FR is calculated using feedback from the LCA result, so the net FR weight signifies each FR's environmental effect. Similarly, each DP's weights are calculated as the sum of the related FRs weight. In this process, LCA results are mapped into FR weights, and FR weights are mapped into DP weights. Therefore, DP weights reflect the LCA results. The DP which has the highest weight has the highest environmental effect. Therefore, we can easily see which DP is critical to the environment.
Figure 8. FRS AND DPS OF EXISTING DESIGN
RESULTS
In this section, an example using an existing mobile phone is introduced to demonstrate the eAD+ methodology. In this example, the Acclaro DFSS software was used. The mobile phone used is the slide type mobile phone SPH-C2300 produced by Samsung electronics in Korea, 2007. We only consider housing, battery and display parts. Figure 8 shows the FRs and DPs of the existing mobile phone. In this figure, FR4 and FR5 indicate selected eco-FRs.
After selection of eco-FRs and eco-DPs, the design matrix is constructed. Here, the designer specifies a number indicating the magnitude and sign of the relationship between the DP and FR. Figure 9 shows the design matrix for the existing mobile phone design. In this example, -5 means FR and DP have a strong negative relationship and -1 means a weak negative relationship. A -5 relationship is five times stronger than -1 relationship. As is evident from Figure 9 , there are several negative couplings between eco-FRs and DPs.
The next step is to calculate FR and DP weights. The normalized LCA results for the SPH-C2300 mobile phone are shown in Table 3 . Using this information, we can map these values to ecoFRs. For example, azoic resource depletion (ARD) is FR41. Therefore, FR41 weight will be 3.27E-04. Likewise, other FR weights are mapped from LCA result and are shown in Figure  10 . After calculating FR weights, we map FR weights into DP weights. For example, DP32 LCD display has a -2 relationship with FR41 and a -1 relationship with FR51. Therefore, the weight for DP32 will be ┃(-2)X(3.27E-04) ┃ +┃ (-1)X(5.04E-04) ┃=┃1.16E-03┃. These DP weight calculation results are also shown in Figure 10 . In this augmented design matrix, we can identify the most critical part for the environment. The weight of the DP housing is 3.27E-03, the weight of the battery is 2.64E-03 and the weight of the display system is 1.16E-03. Thus, the DP housing has the greatest impact on the environment. Therefore, one should focus on improving the housing to enhance the environmental performance. -Housing: Additional material is used in mobile phones because of the slide structure. The slide structure performs two functions which are to protect the innards and prevent unintentional key operation. This coupling is removed by using a bar type housing. The bar type housing protects the innards to prevent unintentional key operation. A hold button is used in our new design instead. In this new design, additional housing material can be eliminated. Also, bar type structure is simpler than slide structure, so disassembly will be easier than in the original design. -Battery: A hybrid battery system is used. First, a solar battery (3 hour average lifetime) is used as a primary battery. It is supplemented by a Li-ion battery. The size of Li-ion battery is reduced by half compared with the original design. -LCD display: The LCD display primarily effects the environment via energy consumption in the use stage. Therefore, using an LED display rather than an LCD will consume less energy.
This result demonstrates the eAD+ methodology as well as how it can be effectively used to incorporate eco-factors and eco-analysis values into the design process. It is difficult to directly compare the effectiveness of the eAD+ methodology versus other design methodologies. However, since eAD+ is based on Axiomatic design, it encourages the designer to seek new and different design options. In contrast, QFD inspired eco-design methodologies focus on refining and optimizing the existing engineering parameters. We believe that QFD based approaches are thus less likely to result in dramatic improvements in the design.
CONCLUDING REMARKS
We proposed a design methodology called eAD+ to support environmentally aware product design. Compared with other eco-design methodologies, eAD+ has four advantages. First, it is an Axiomatic design based methodology. There are inherent couplings between eco-factors and product-functions and commonly there is a trade-off relationship between them. Using Axiomatic design, we can directly identify couplings and efficiently deal with them. Second, we provide structured ecoFRs and eco-DPs. Eco-factors are typically not well-organized and can be difficult to use in the design process. We develop structured eco-FRs and eco-DPs for ready use within the Axiomatic design framework and any software implementation of eAD+. Third, eAD+ provides a direct feedback mechanism from the result of eco-analysis to the design process. We define a relationship between the LCA indexes and Eco-FRs, so that the LCA result can be directly mapped into the design process. Here, a database of LCA (or similar) information is required. Finally, using an augmented design matrix, an effective efficient design process is possible. The augmented design matrix links eco-analysis values with FRs and DPs, so critical couplings affecting the environment can be identified. We illustrated the eAD+ design methodology by redesigning an existing mobile phone.
We next discuss future work. Here we focused on LCA for eco-analysis and as a base for the eco-FRs. We will extend the eco-FR and eco-DP lists so that the eAD+ methodology includes a broad range of eco-analysis tools. It will be useful to apply the eAD+ methodology to the design of different products to confirm that eAD+ can be used in other industries. Finally, software which implements the eAD+ methodology should be developed. Once developed, eAD+ can be easily used for practical real world design.
